Abstract:In this study, the adsorption of methane (CH 4) capacities onto natural mordenite obtained fromİzmir, Turkey, and its cationic forms (CuM, AgM, FeM, and HM samples) were investigated at the temperatures of 0 and 25
Introduction
Mordenite is a kind of naturally occurring high-silica zeolite. It has an orthorhombic unit cell with idealized chemical formula Na 8 (AlO 2 ) 8 (SiO 2 ) 40 .24H 2 O. Mordenite has two different types of pore channels. One is composed of a 12-membered channel (6.5Å × 7.0Å) running along the c-axis, and the other is an 8-membered channel (2.6Å × 5.7Å) running along the b-axis in the form of small side pockets. Eight-ring side pockets of 3.4Å × 4.8Å have obstructions that essentially prohibit mobility of molecules from one main channel to the other.
1 Thus, the channel system is mainly 2-dimensional pores with 12-membered elliptical channels and a limiting diffusion in the [010] or b-axis. 2, 3 The physical and chemical properties of natural zeolites can be improved by several methods such as acid treatment, ion exchange, and surfactant functionalization. 4−7 In general, acid treatment of natural zeolite may remove impurities that block the pores, progressively eliminate cations to change into H-form, and finally delaminate the structure. The removal of alumina in the mordenite zeolite causes enlargement of pore sizes in both the main channels and side pockets, and these effects are more detectable in the side pockets than in the main channels.
8−13
Methane is the primary component of natural gas that occurs as a result of the decomposition of plant or * Correspondence: msakizci@anadolu.edu.tr organic matter in the absence of oxygen. It is present in the atmosphere at low concentrations and is the second most important greenhouse gas that contributes to global climate change. 14 Methane emissions are emitted from industrial processes, fossil fuel extraction, coal mines, incomplete fossil combustion, and garbage decomposition in landfills. 15, 16 CH 4 has no dipole or quadrupole moment and it has a high polarizability constant (2.60Å 3 ) .
17
The electron cloud of the CH 4 molecule has apparent ability to be polarized by a positive charge center. The adsorption of methane molecules on solid surfaces is primarily due to nonspecific interaction (i.e. dispersion plus polarization). The dispersion interaction increases with the polarizabilities of the adsorbate and the solid surface. The polarization interaction increases with the polarizability of the adsorbate and the electric field on the solid surface. The aim of the present study is to investigate the effect of the acid and heavy metal cation-exchange treatments on structural, thermal, and methane adsorption properties of the mordenite samples.
Results and discussion

Materials and chemicals
The mordenite sample was obtained fromİzmir, Turkey. The zeolite samples were air-dried at room temperature and ground to pass through a sieve of ≤ 45 µ m. Cationic forms of mordenite (AgYZ, CuYZ, FeYZ, and HYZ) were prepared by using 1 Merck (Darmstadt, Germany) and all solutions were prepared by using deionized water.
Instrumentation
Chemical compositions were determined on powdered samples fused with lithium tetraborate using X-ray fluorescence analysis (XRF; Rigaku ZSX Primus instrument). The X-ray diffraction (XRD) diffractograms were obtained with a D8 Advance Bruker AXS instrument, using CuK α radiation (λ = The textural characteristics of the samples were measured with automated Autosorb 1-C volumetric equipment (Quantachrome Instruments, Boynton Beach, FL, USA) using nitrogen gas adsorption at -196
• C.
Before each measurement the samples were degassed at 300
• C for 7 h. The specific surface areas were calculated according to the standard Brunauer-Emmett-Teller (BET) method. The BET gas adsorption method is the most widely used standard procedure for the calculation of the specific surface of solids and involves the use of the BET equation 36 (Eq. (1)):
where P o is the saturated vapor pressure of the gas over the solid, P/P o is the relative pressure of the adsorbate, and C is the so-called BET C-constant. V m is the amount adsorbed at the relative pressure P/P o and is the monolayer capacity. The BET surface areas of the natural zeolite and modified natural zeolites were calculated using the adsorption isotherm in the range of relative pressure from 0.03 to 0.2. The micropore area and volume were calculated by the t− plot method. 37 The De Boer model was applied for micropore size calculations. The cumulative pore volume and average pore diameter were calculated using the adsorption data by the density functional theory model. High-purity (99.99%) nitrogen was used as the adsorbate. Retention values of methane by zeolite samples were determined using automated Autosorb 1-C volumetric equipment (Quantachrome Instruments) at 0 and 25 • C up to 100 kPa. About 0.1 g of the sample was outgassed in a vacuum at 300
• C for 7 h before methane adsorption.
Experimental
Chemical analysis
The chemical compositions of the natural and modified mordenite samples are listed in Table 1 . The XRF analysis results showed a high composition of silicon (Si) in all natural zeolites (Table 1) . Mordenite is defined as a K-rich mineral due to its highest K + content. 38 Upon ion exchange with heavy metal cations, K + can only be partially removed since the removal of K + depends on its source. The most noticeable property of the heavy metal cation-exchange process was the high selectivity of mordenite for Ag + cations. At acid treatment by 1 M HCl solution, the mordenite zeolite sample is subject to dealumination and removal of cations without significant destruction of the crystal lattice in comparison with the natural zeolite. This is consistent with a number of studies where mordenite-type zeolites have been shown to be insignificantly dealuminated by HCl.
39−41 Acid treatment increases the SiO 2 /Al 2 O 3 molar ratio from 5.55 to 6.15 by removing aluminum from the zeolite structure. 11, 42 Moreover, a decrease in the compensating cation content (Ca, Na, and Mg) is observed. On the other hand, the removal of potassium with HCl solution is at a low rate due to the significant amount of potassium originating from K-feldspar, which is insoluble in HCl solution. 
X-ray analysis
The XRD patterns of all mordenite samples are shown in Figure 1 . In general, the overall x-ray investigation of modified mordenite samples showed that it did not lead to significant structural changes. Nevertheless, the XRD pattern of the AgM sample was affected to some extent and showed significant changes in characteristic peak intensities of mordenite. The peaks 2θ = 9.73
• and 22.26
• corresponding to mordenite disappeared in the AgM sample. After the treatment of the mordenite sample with silver nitrate solution, the mordenite reflection at 19.57
• was still present but its intensity decreased considerably. The decrease in the peak intensities at 15.23
• , 19.57
• , and 25.67
• 2θ attributed to framework cations was probably caused by the compositional change within the mineral after the exchange. Natural zeolites have good selectivity for silver ions.
44,45
The comparative analysis of the powder patterns of both the natural form and the H-form of mordenite showed that there are no visible changes in the peak intensities after modification (Figure 1 ). These results confirm the XRF data. Minor Al leaching is observed after acid treatment of natural mordenite ( Table 1 ). The presence of mordenite and quartz in the natural zeolites increases their stability towards ion exchange and acid leaching. These results are in line with results obtained by other authors.
12,13
Thermal properties
The thermogravimetric (TG-DTG) and differential thermal analysis (DTA) curves of all forms of mordenite samples are presented in Figure 2 . In addition, the percentage of water molecules removed in the samples is summarized in the temperature intervals of • C, 200-400 • C, 400-700
• C, and 700-1000
• C, as seen in Table 2 . As seen in Figure 2 , the curves of natural and modified samples are similar. The DTA curves of natural and modified mordenite samples exhibited only two endothermic peaks (Figure 2 ). The most remarkable maximum occurs at 109-139
• C, while the other at 500-513 • C is weaker. These peaks indicate gradual dehydration involving the water molecules present in different structural positions. Mordenite zeolite is stable at temperatures of up to 800 • C, while further increases in temperature lead to structural changes due to conversion of its structure to another crystal or amorphous phase. 47 High Si/Al ratio and the presence of K + ions favored an increase in the stability of the crystal structure upon heating. The TG curves of zeolite samples (Figure 2) showed two stages of dehydration of natural mordenite. Zeolitic water can be removed by heating to approximately 400 • C. The mass loss at this temperature reaches 4.18%-5.08%.
46
The total mass loss while heating zeolite up to 700
• C is 5.65%-6.63%. Water release in zeolite proceeds continuously and smoothly, as evidenced by the mass loss (TG) curve. The iron-modified mordenite gave the highest rate of weight loss. The total mass losses of AgM, HM, M, CuM, and FeM were determined as 5.77%, 6.00%, 6.06%, 6.73%, and 6.90%, respectively.
FT-IR analysis
There are two categories of frequencies of vibration in the FT-IR spectrum of the zeolites. The first category of vibrations arises due to internal vibrations of the TO 4 tetrahedron, which is the primary unit of the structure and is not sensitive to other structural units. The second category of vibrations is associated with the external linkage between tetrahedrals. 47 The FT-IR spectra of natural and exchanged forms of mordenite samples were investigated in the region of 4000-400 cm −1 (Table 3 ; Figure 3 ). As shown in Figure 3 , cation exchange of zeolites did not lead to distinct shifts in the positions of the bands in the FT-IR spectra. Mordenite zeolite gives a strong T-O stretching vibration band in the range of 1045-1070 cm −1 (Table 3) . appears in all spectra and can be attributed to quartz or amorphous SiO 2 , which is consistent with the XRD patterns of mordenite samples (Figure 1) . A weak band at 466-470 cm −1 can be assigned to a clay sample or other Si-O-Si bending vibration. 48, 49 The band at ∼538 cm −1 can be attributed to feldspar.
51
The bands in the region of 1600-3700 cm −1 can be attributed to the presence of zeolitic water (Table 3 ; Figure 3 ). There are several types of zeolitic water as seen as in TG (Figure 2 ). Isolated OH − stretching at 3620 cm −1 for all zeolite samples was observed. This band is assigned to the interaction between the water hydroxyl and cations. After Ag-exchange treatment of zeolite with nitrate solution, the intensities of the bands at 3695 and 3620 cm −1 decreased because of decationization and dealumination from the structure of zeolite as shown from XRF and XRD (Table 1; Figure 1) . The H-O-H bending frequency of the water molecules occurs at 1633-1637 cm −1 with a medium intensity in the infrared spectra. 43,48−50 In the region of 600-800 cm −1 , the bands are attributed to exchangeable cations and are due to pseudolattice vibrations of structural units.
52,53
Figure 3. FT-IR spectra of natural and modified mordenite samples.
SEM/EDS analysis
SEM analysis was used to reveal the morphology of mordenite samples. SEM microimages indicated that mordenite has a needle-like crystal structure (Figures 4-6 ). Characteristic observations from SEM analysis included crystalline mordenite, feldspar, quartz, and clay mineral. The SEM results are consistent with the XRD results. It was noted that the cation-exchanged forms of zeolites did not show any surface or morphological differences with respect to the natural mordenite sample.
The elemental compositions of the mordenite sample and its cationic forms were determined using EDS performed with 2 different random points. As Table 4 shows, the major elements of the natural mordenite sample were O, Si, Al, and K in addition to small amounts of Na and Ca. Mordenite is poor in Na and Ca and rich in K. It can be seen from Table 4 that the amount of Ca and Na was reduced after surface modifications. Besides the presence of major elements such as Si, Al, O, and K, copper is also identified in the CuM sample. EDS analysis showed the presence of Si, Al, O, K, and Ag in the AgM sample. In the EDS analysis of the FeM sample a significant atomic quantity of iron appears (Table 4 ). 
Specific surface area
The nitrogen adsorption isotherms of the natural zeolite and modified natural zeolites are shown in Figure 7 .
The adsorption isotherms of samples are of type II according to the IUPAC classification.
54 N 2 adsorption data of natural and modified mordenite samples are given in Table 5 . Sample modifications by cation exchange are modified micropore volume, micropore area, average pore diameter, and surface area results. It is evident that the silver and copper in the mordenite channels caused a decrease of specific surface area, micropore volume, micropore area, and increase of average pore diameter as compared with the natural mordenite. In the case of 1 M silver nitrate treatment, the specific surface area of the natural sample (M) decreased from 93 m 2 g −1 to 73 m 2 g −1 and the average pore diameter of the natural sample (M) increased from 46.08Å to 80.19Å (Table   5 ). The decrease in specific surface areas of AgM can be attributed to partial blocking of the channels in the presence of Ag + cations. Munakata 55 showed that ionic exchange with silver nitrate of mordenite decreased the specific surface area from 217 to 109 m 2 g −1 . On the other hand, the acid treatment of natural mordenite increased the specific surface area, micropore volume, micropore area, and Si/Al ratio as shown as Tables 1 and 5 . The highest value of HM surface area could be related to the amorphous material dissolution that could block zeolite structure channels, generating new ones. (Table 5 ).
12,56
Adsorption of CH 4
The adsorption isotherms for methane on natural and modified mordenite samples at 0 Table 5 , the adsorption capacity and the affinity of CH 4 with the zeolite samples differed depending on the cations exchanged. In addition, the amount of adsorbed CH 4 increased with decreasing temperature, as expected. Capacity of mordenites for CH 4 ranged from 0.237 mmol g −1 to 0.528 mmol g −1 (Table 5 ). It can be noted that natural mordenite zeolite showed much higher methane adsorption compared to the modified forms at 0 • C and 100 kPa. The kinetic diameter of methane (3.8Å) is small enough for diffusion of this molecule inside mordenite zeolite pore openings. It was observed that uptake of methane on mordenite zeolite at 0 • C increased in the following sequence (Figures 8 and 9 
The amount of adsorbed CH 4 was influenced by the exchangeable cation at 25
• C and increased in the order of HM < FeM < CuM < M < AgM. The difference in adsorption capacities is likely due to the strength of adsorption sites. Among all the modified zeolites, the Ag-form exhibited the best properties in terms of adsorption capacity at both temperatures. As seen from 
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The H-form for both temperatures has been observed to have the lowest adsorption capacities for CH 4
gas. It has a value of 0.384 mmol g −1 at 0 • C and 100 kPa ( Table 5 ). The decrease of affinity to CH 4 of H-mordenite with respect to natural mordenite is remarkable. This decrease can be attributed to both weaker electrostatic and polarization interactions with the smaller electric field of the H-form. 19, 57 The exchange of the metallic ions of zeolites with HCl results in the formation of silanol hydroxyl groups. These groups, though polar, lead to smaller field and field gradients than the cations, so that the intracrystalline environment is less polar in the H-form than in the Fe-, Cu-, and Ag-forms of mordenite.
Conclusion
In this study, characterization of mordenite samples (XRD, TG-DTA, FT-IR, SEM-EDS, and N 2 adsorption methods) and the efficiency of those of samples in the adsorption of methane have been investigated. XRD analysis demonstrated that appreciable change was observed in the crystallinity of natural zeolite after Agexchange treatment. Treatment of mordenite zeolite with 1 M silver and copper nitrate solutions led to decrease in the BET surface area, micropore volume, and micropore area. The Ag-exchanged zeolite exhibited the lowest surface area. The HCl treatment of the mordenite caused dealumination and dissolution of some amorphous materials increased its surface area. HM zeolite showed the biggest surface area among the zeolites. All modified mordenite samples exhibited a similar thermal behavior to natural mordenite.
In the case of CH 4 adsorption on modified zeolite samples at both temperatures, a better result is reached when AgM is used. The acid treatment of natural zeolite influenced the adsorption property of mordenite-rich tuff. The experimental data indicated that the HM adsorbent has the lowest adsorption capacity with respect to the adsorption of CH 4 . The weaker interaction in HM is then attributed to both weaker electrostatic and polarization interactions. Ion-exchanged zeolites may cause considerable differences in the adsorption of methane due to both the location and size of the interchangeable cations, which affect the local electrostatic field, and the polarization of the adsorbates.
